The hematopoietic stem cells (HSC) are multipotent, selfrenewing, and long-term repopulating cells mainly located in the bone marrow (BM) and representing 0.05 to 0.1% of the hematopoietic BM cell population (reviewed in references 43 and 69) . HSCs can develop the whole repertoire of proliferating cells committed to several differentiation lineages characterizing the hematopoietic system (39) . The HSCs have also demonstrated their ability to generate a variety of tissue cell types in mice and humans (27, 28, 30, 40, 47) . The important properties of these rare cells in the regulation of hematopoietic homeostasis and in the regeneration and maintenance of nonhematopoietic tissues make the susceptibility of HSCs to viral infections a matter of substantial interest. Moreover, the transduction of HSCs with viral vectors carrying exogenous genes is the basis of protocols aimed at permanent gene therapy for the hematopoietic system (46, 50, 58, 74) .
In nature, many viral infections cause hematopoietic diseases by direct action of virus-encoded effectors on hematopoietic cells or indirect perturbation of the hematopoietic regulatory network (71) . The viral etiology of the hematological diseases is commonly investigated in primary hematopoietic cultures in vitro, and in some cases the capacity of diverse viruses to directly infect and damage hematopoietic committed progenitors has been experimentally validated (see references 57, 68 , and 73 as examples). Other viruses with immunosuppressive capacity can disrupt hematopoiesis in culture, reducing the expression of supportive cytokines by the BM stroma or targeting primitive precursors such as human CD34 ϩ cells (1, 37, 45) . However, the inherent difficulty of determining the biological properties of the genuine HSCs outside the mouse model, namely, their long-term repopulating capacity, has drastically limited the comprehensive investigation of virus-HSC interactions.
This technically complex quest has become experimentally attainable in mice with the assessment of HSC functionality by reconstitution assays (24) , which have led to the enrichment and isolation of these cells by different techniques based on the expression of specific cell surface markers and resistance to cytotoxic drugs (33, 59, 61) . But in addition to the viral tropism, the accessibility of the HSCs to infections in vivo may be restrained by their normal state in the G 0 phase of the cell cycle under steady-state conditions (7) and their low proportion in anatomically restricted niches within the hematopoietic organs. Indeed, a disorder of HSC biological functions during systemic viral infection of a natural host has not been reported up to now.
We have studied the targeting of the self-renewing mouse HSCs having short and long-term repopulating capacity by the immunosuppressive strain of the parvovirus minute virus of mice (MVMi), both in culture and in the natural oronasal infection of an immunodeficient host. MVM is a molecular model of the Parvoviridae, a family of nonenveloped singlestranded DNA viruses requiring for their replication factors expressed during the S phase of the cell cycle (16, 70) and commonly associated with important hematopoietic disorders in humans and animals (71) . Notably, a member of this family, the parvovirus B19, is an important human pathogen (reviewed in references 25 and 64) causing a variety of hematopoietic diseases such as the childhood rash called "erythema infectiosum" (2) , erythroblastopenic crisis in patients with hemolytic disorders (49) , chronic anemia in immunocompromised patients (29) , and fetal anemia with hydrops fetalis in pregnant women (9) . B19 preferentially infects hematopoietic cells of the erythroid lineage at the BFU-E and CFU-E stages (44, 63) , via the glycolipid globoside of the blood group P antigens, which acts as a receptor of the virus (8) , although the capacity of B19 to interact with more primitive human hematopoietic precursors is controversial (60) . Animal parvoviruses, on the other hand, such as the feline panleukopenia virus, may target both myeloid and erythroid committed progenitors (71) , and persistent immune dysfunctions are common among the rodent parvovirus group (26) . MVMi can cytotoxically infect in vitro CFU-GM, BFU-E, CFU-MK, and primitive CFU-S clonogenic mouse hematopoietic precursors (31, 57) . In newborn mice, the MVMi infection mediates a mild reduction of hematopoietic committed precursors (55) and an involution of hepatic erythropoietic foci (10) . In adult immunodeficient SCID mice lacking T and B lymphocytes due to a deficiency in the rearrangement of the immunoglobulin and T-cell receptor genes (6) , this virus causes a persistent BM infection leading to a lethal leukopenia with dysregulated erythropoiesis and megakaryopoiesis (31, 56) . The hematopoietic disorders caused by MVMi in mice may provide insights into the B19-associated diseases in humans under different immunocompetence and developmental conditions. Herein, the capacity of the parvovirus MVMi to target and damage mouse HSCs was studied (i) to determine virus replication and gene expression in highly purified hematopoietic precursors expressing a primitive surface phenotype (5FU r Lin Ϫ Sca-1 ϩ ), (ii) to evaluate the short-and long-term repopulating capacity of BM cells upon MVMi infection, and (iii) to study the functionality of the HSC compartment during natural oronasal infection of the SCID mouse host. We demonstrate that MVMi infects in vitro and suppresses short-and long-term lymphohematopoietic repopulating cells of persistently infected mice.
MATERIALS AND METHODS
Virus and mice. Purified clonal stocks of MVMi were prepared in the EL-4 lymphoma cell line (5) as recently described (35) and sterile filtered. Virus titers were determined by a PFU assay on the NB324K indicator cell line (57) cultured in Dulbecco's modified Eagle's medium (GIBCO Laboratories) supplemented with 5% inactivated fetal bovine serum (FBS; Life Technologies).
Eight-to twelve-week-old C57BL/6J mice (Ly-5.2 phenotype) and B6.SJLPtprc a Pep3 b /BoyJ (Ly5 a ) mice (Ly-5.1 phenotype) were used to harvest BM cells. For the in vivo infections, 8-to 10-week-old immunodeficient CB-17 SCID mice (6) routinely handled under sterile conditions and maintained in microisolators were used. Breeding pairs, originally obtained from the Jackson Laboratory (Bar Harbor, Maine), were bred at the CIEMAT animal facility (registration number 28079-21A), allowed food and water ad libitum, and routinely screened for pathogens in accordance with Federation of European Laboratory Animal Science Associations procedures. For the enrichment in primitive hematopoietic precursors, Ly-5.1 mice were intravenously injected with 150 mg of 5-fluorouracil (5FU; Roche, Basel, Switzerland)/kg of body weight 5 days prior to the BM harvest. Recipients of BM transplants were irradiated for a myeloablative regimen with a Philips MG324 X-ray instrument (Philips, Hamburg, Germany) set at 300 kV and 10 mA and delivering a dose rate of 1.03 Gy/min. BM sampling and HSC purification. BM cells were obtained from the femora and tibiae of at least three mice and dispersed in Iscove's modified Dulbecco's medium (IMDM; Life Technologies, Paisley, Scotland). For cell sorting, cells were resuspended in Hanks' balanced salt solution (Life Technologies) supplemented with 10 mM HEPES buffer (pH 7.2; HH), dispersed by repeated flushing through a 25-gauge needle, and washed once in either medium supplemented with 10% FBS. For stem cell purification, BM cells from 5FU-treated mice were enriched for low-density cells by equilibrium centrifugation (400 ϫ g for 15 min at 4°C) on a discontinuous Nycodenze gradient (1,090, 1,080, and 1,050 g/ml; Nycomed Pharma AS, Oslo, Norway). The upper layer together with the cells on the upper interface was collected, washed twice on HSA (HH supplemented with 5% FBS and 0.02% sodium azide), and resuspended at 2 ϫ 10 7 cells/ml. Cells were incubated for 30 min at 4°C with saturating concentrations of monoclonal antibodies (MAbs) specific for antigens expressed in B cells (anti-B220; DNAX, Palo Alto, Calif.), T cells (anti-CD4 and anti-CD8, both from the European Collection of Cell Cultures), myeloid cells (anti-Mac-1, from the European Collection of Cell Cultures, and anti-Gr-1, from PharMingen, San Diego, Calif.), and erythroid cells (TER-119, kindly provided by Tatsuo Kina, Kyoto University, Kyoto, Japan). After washing, cells were incubated for 30 min at 4°C with an anti-rat immunoglobulin G-phycoerythrin (PE) antibody (Southern Biotechnology Associates, Inc., Birmingham, Ala.), spun down and resuspended in HSA supplemented with 20% rat serum, incubated for 10 min at room temperature to block the secondary antibody, and then centrifuged over a serum cushion and washed twice. Finally, to stain dead cells, a rat anti-Sca-1-fluorescein isothiocyanate (FITC)-conjugated MAb (PharMingen) was added to the cells for 30 min at 4°C, washed, and resuspended in HSA plus 2 g of propidium iodide (PI)/ml. Cell sorting was done on an EPICS Elite ESP instrument (Coulter, Hialeah, Fla.), and cells positive for FITC signal and negative for PE and PI signals were sorted out. A sample of the sorted cells was removed for evaluation of sorting purity.
Virus infections and replication analyses. Total BM or sorted Lin Ϫ Sca-1 ϩ cells, at a concentration of 1 ϫ 10 6 to 2 ϫ 10 6 cells/ml in IMDM plus 2% FBS, were inoculated at the indicated multiplicity of infection (MOI) with purified MVMi for 1.5 h at 37°C and constant shaking. Samples were washed with IMDM plus 10% FBS to remove unadsorbed virus and resuspended in IMDM. The Lin Ϫ Sca-1 ϩ cells were then incubated at 37°C in IMDM supplemented with 20% FBS and 100 ng of stem cell factor (SCF) (murine recombinant SCF; Genetics Institute, Cambridge, Mass.)/ml, 100 ng of interleukin-6 (IL-6; nonglycosylated purified human recombinant IL-6; specific activity, 2 ϫ 10 7 U/ml; Pharmacia, Barcelona, Spain)/ml, and 100 ng of IL-3 (murine recombinant IL-3; Immunex, Seattle, Wash.)/ml. SCID animals were infected by intranasal inoculation of 10 6 PFU/mouse in 10 l of phosphate-buffered saline with Ca 2ϩ and Mg 2ϩ (PBS ϩ ) or mock infected with the same volume of PBS ϩ as previously described (56) . Mice were monitored for pathological signs (ruffled fur and hunched posture) and euthanized as moribund according to European Union guidelines (86/609/ CEE).
At the indicated postinfection times, cells or BM samples were collected to monitor virus multiplication. MVMi genomic and intermediate replicative forms were obtained by a modified Hirt procedure (38) with carrier tRNA to ensure quantitative yields and analyzed by Southern blotting with an MVM-specific probe as previously described (57) . For NS-1 protein expression, cells were washed with PAB (1ϫ PBS Ϫ plus 0.1% Na 3 N plus 0.5% bovine serum albumin) and fixed in 1% paraformaldehyde at 4°C for 30 min. After being washed with PAB, cells were permeabilized in PABT (PAB plus 0.1% Triton X-100) for 3 min at 4°C, and then a mouse anti-NS-1 MAb (56) was added and incubated for 1 h at 4°C. Cells were stained with an anti-mouse-biotin antibody and streptavidinTricolor (Caltag, South San Francisco, Calif.) and analyzed for immunofluorescence in a flow cytometer (EPICS Elite ESP).
Competitive repopulation assay. The repopulating ability of BM cells was determined according to a previously described methodology (24, 61, 62) . In brief, mock-infected as well as MVMi-infected BM samples from Ly-5.1 mice (test BM samples) were mixed together with an equal number of fresh BM cells harvested from Ly-5.2 mice (reference BM samples). Aliquots of the chimeric BM consisting of 4 ϫ 10 6 total cells were transplanted into four Ly-5.2 recipients per group, previously irradiated with an X-ray myeloablative regimen of two doses of 5 Gy spaced 4 h apart (66) . At various times after transplantation, 50 to 200 l of peripheral blood (PB) was sampled from the tail vein and mixed with 0.5 M EDTA (10%, vol/vol). The competitive repopulating abilities (CRA) of test samples were determined by fluorescence-activated cell sorting analysis of Ly-5.1-positive PB cells with the anti-Ly-5.1 MAb clone A20 (59) . For multilineage reconstitution analysis, dual-color immunofluorescence analyses were made with a PE-conjugated antibody for Ly-5.1 antigen and FITC-conjugated antibodies specific for T-cell (Thy-1.2), B-cell (B220), and myeloid (Gr-1) lineages (PharMingen). For each analysis, 50 l of 5,000 to 10,000 viable PB cells was incubated with the corresponding MAbs for 30 min at 4°C in the dark; erythrocytes were lysed with 2.5 ml of lysing solution (0.155 mM NH 4 Cl plus 0.01 mM KHCO 3 plus 10 Ϫ4 mM EDTA) for 10 min at room temperature; and cells were washed with PBA (1ϫ PBS Ϫ plus 0.1% [wt/vol] bovine serum albumin plus 0.02% [wt/vol] Na 3 N), then resuspended in PBA plus 2 g of PI stain/ml to exclude dead cells, and analyzed in an EPICS Elite ESP flow cytometer. Off-line analysis was done with the WinMDI free software package (J. Trotter, The Scripps Research Institute, La Jolla, Calif.).
Measurement of exogenous engraftment. Mock-infected, MVMi-infected, or X-irradiated SCID females were transplanted with 5 ϫ 10 6 BM cells from male BALB/c mice. Mobilized PB cells with increased representation of neutrophils, or BM, were used as a source of DNA for testing the presence of male sequences hybridizing with a Y-chromosome probe (32) . The mobilization procedure (42) was performed by subcutaneously injecting recombinant human granulocyte colony-stimulating factor (Amgen, Barcelona, Spain) at 12-h intervals to yield a treatment dose of 250 g/kg/day for 4 consecutive days. Three hours after the last injection, PB was collected from the tail vein. Prior to DNA extraction, myeloid cells from mobilized PB or BM were labeled with Gr-1-FITC and Mac-1-FITC antibodies, red cells were lysed, and Gr-1 ϩ /Mac-1 ϩ and Gr-1 Ϫ /Mac-1 Ϫ cells were sorted out (EPICS Elite). Reanalysis of the sorted fractions yielded purities above 90%. Extraction of the DNA from cell samples and dot blot analyses to evaluate the exogenous reconstitution in the SCID recipients were performed as previously described (67) .
RESULTS AND DISCUSSION
Mouse HSCs are permissive for parvovirus MVMi replication and gene expression. The multipotent hematopoietic long-term repopulating cells of the mouse are resistant to the cytotoxic effects of 5FU, negative for the expression of differentiation markers, and positive for the Sca-1 antigen (48, 59, 61) . To test whether MVMi was able to multiply in the primitive compartment of hematopoietic long-term repopulating cells, a BM population from 5FU-treated mice defined by the surface phenotype Lin Ϫ Sca-1 ϩ was isolated by a sorter-based procedure with MAbs (see Materials and Methods). Figure 1A shows the phenotype of the obtained midsize and low-complexity 98% pure population (5FU r /Lin Ϫ Sca-1 ϩ ), with respect to normal BM and to light-density cells from 5FU-treated mice. The purified population represented 0.36% of the normal mouse BM cells, consistent with earlier studies (61, 69) .
The permissiveness of the purified hematopoietic precursors for the MVMi life cycle was analyzed with purified MVMi inoculated at a multiplicity of 5 PFU/cell and incubated with IL-3, IL-6, and SCF in order to stimulate the proliferation of the primitive HSCs. Since restrictions of MVM infections may operate at postentry stages of the virus cycle, either before transcription (3, 23) or as a block on DNA replication uncoupled from gene expression (22, 53) , we quantitatively determined both viral DNA replication and protein expression during a single round of infection. Viral DNA replicative intermediates (mainly monomeric replicative forms [mRF]) of the correct size accumulated in the infected cells by 17 h postinfection (hpi) (Fig. 1B) , and single-stranded genomes resulting from the encapsidation of replicative forms into maturing virions (17) were synthesized to high levels in these cells as well. The expression of the nonstructural protein NS-1, a cytotoxic polypeptide (11, 41) essential for replication and packaging of parvovirus DNA (11, 14, 16) and for transactivation of the viral promoters (18, 19, 51) , was monitored by a fluorescence-activated cell sorting-based procedure with an NS-1-specific MAb. In the example shown in Fig. 1C , close to 4% of the cells showed low detectable levels of NS-1 at 0 hpi, a signal likely contributed by the binding to these cells of a relatively higher number of viral particles carrying a copy of NS-1 linked to the 5Ј end of the genome (17) 
The parvovirus MVMi differentially inhibits HSCs showing short-and long-term repopulating capacities. Hematopoietic precursors purified on the basis of phenotypic markers are functionally heterogeneous (33) . Moreover, the in vitro stimulation of purified 5FU r /Lin Ϫ Sca-1 ϩ cells, although performed with a high concentration of early-acting cytokines to preserve their self-renewal (20) , may lead to their differentiation to precursors with less totipotency and engraftment potential. These possibilities prompted us to analyze the potential inhibitory effects of MVMi infection on HSCs from freshly harvested and nonstimulated BM. To this aim, the functionality of mouse primitive hematopoietic precursors was assessed by means of a competitive repopulating assay (see Materials and Methods), measuring the short-and long-term repopulating abilities of BM cells infected at an MOI of 1 or 20 PFU/cell (test population) against those of nonmanipulated and genetically identifiable BM cells (reference population). As shown in Table 1 , in the short-term analysis (15 days posttransplantation [dpt]) of PB samples, the CRA value of BM samples infected with 1 PFU/cell was reduced to 31.4% of the corresponding values observed in mock-infected BM and to 16.6% when the infection was conducted at 20 PFU of MVMi/cell, fairly corresponding to the expected percentages of surviving cells at these multiplicities. These data indicated a high susceptibility of the short-term repopulating cells to MVMi infection, consistent with evidence showing that short-term repopulation is mostly accomplished by rapidly proliferating cells (12) , which would be highly sensitive to MVMi replication and to the expression of cytotoxic viral gene products.
Notably, the CRA gradually increased in the samples infected at an MOI of 1 over longer periods of analysis, reaching the value of uninfected controls by 100 to 300 dpt (Table 1) . However, in the BM infected at a high MOI (20 PFU/cell), a consistent reduction in the CRA to close to 40% of the control was observed in the first month, and this value remained essentially unchanged throughout the entire posttransplantation period. To evaluate whether the repopulation defect induced by MVMi infection involves the myeloid and lymphoid lineages, the ability of Ly-5.1 BM infected at 20 PFU/cell to develop myeloid (Gr-1 ϩ ), T-cell (Thy-1.2 ϩ ), and B-cell (B220 ϩ ) populations in the recipient mice was quantitatively determined at several posttransplantation points. A representative example of the results obtained at 300 dpt is shown in Fig. 2 . In all cases, a significant reduction of severalfold in the Ly-5.1 long-term repopulating capacity in respect to the uninfected BM values was observed in three lymphohematopoietic differentiation lineages. Taken together, these data indicated that the in vitro infection of BM with MVMi inhibited the functionality of the short-and long-term multipotent repopulating precursors. Interestingly, the extent of suppression was lower for the more primitive HSCs as the decrease in the long-term CRA was manifested only at a high MOI. These results suggest that most MVMi interactions with long-term repopulating HSCs do not lead to a productive infection under their normal quiescent stage, but at a high viral input some of the initially internalized particles may remain infectious for months and unleash their cytotoxic capacity whenever these cells are recruited into proliferative activity. BM transplantation (BMT) can rescue SCID mice from MVMi-induced lethal leukopenia. To investigate whether the capacity of MVMi to multiply and suppress HSC functions in vitro has any biological significance in the natural infection of the mouse host, the extent of damage to the HSC compartment was analyzed in mice with a severe combined immunodeficiency due to the absence of functional B and T lymphocytes (SCID mice) that were oronasally inoculated with MVMi. As an initial experiment the therapeutic capacity of exogenous BM transplants in lethally inoculated mice was quantitatively determined. Female MVMi-infected SCID mice were transplanted with different numbers of BM cells from syngeneic immunocompetent BALB/c male donors, and their survival and circulating white blood cells (WBC) were monitored during the posttransplantation period. As shown in Fig. 3A , consistent with our earlier studies (56), the nontransplanted MVMi-infected SCID mice developed evident pathological signs and an acute leukopenia by 40 days postinfection (dpi) with 100% incidence leading to death by 60 to 80 dpi, as did infected SCID mice receiving a large graft from immunodeficient donor mice. In contrast, most mice transplanted at 40 dpi with three doses of immunocompetent BM cells (ranging from 5 ϫ 10 4 to 5 ϫ 10 6 ) were rescued from the viral infection, changing the outcome of the disease from 100% lethality to up to 80 to 100% survival. Even at the height of the acute leukopenia (60 dpi), transplantation of 5 ϫ 10 6 immunocompetent cells rescued about 20% of the moribund mice, which then survived for months afterwards.
The survival of the mice was related to the number of circulating WBC during the BMT treatments. Thereby, mice rescued from the lethal infection by BMT showed a progressive recovery in their circulating WBC numbers (Fig. 3B) , which in 40-dpi transplanted mice increased with kinetics correlating with the size of the exogenous immunocompetent graft. Furthermore, the number of WBC was stabilized at characteristic levels corresponding to the proportion of lymphoid precursors in the grafts, ranging from twice the average number found in SCID mice (in animals transplanted with 5 ϫ 10 4 cells) to five times higher (animals transplanted with 5 ϫ 10 6 cells), reaching the normal average value found in BALB/c mice. Thus, the damaged BM of SCID mice resulting from MVMi infection could be efficiently engrafted by immunocompetent lymphohematopoietic precursors, and the ensuing immune response controlled the lethal hematological disease and restored blood cell indices that remained stable for months. These results are in contrast to the inability of a repeated passive MAb therapy to control MVMi pathogenic capacity in the same virus-host system (35) , suggesting the importance of a normal lymphohematopoietic cellular repertoire in controlling parvovirus evolutionary potential.
Persistence of two viral DNA species in the BM of transplanted mice. We next investigated the fate of the virus in the BM of infected SCID recipients showing stabilized WBC levels. Infectious particles could not be detected in blood or BM homogenates at 100 dpi by plaque assay (data not shown), indicating that the virus present in hematopoietic organs of leukopenic mice (56) was cleared by the immune system following BMT. The prototype DNA replicative intermediates (mRF and dimeric replicative forms [dRF]) and singlestranded genomic forms accumulated to high levels in the BM of nontransplanted mice and in recipient mice transplanted with BM from SCID mice (Fig. 4) . In agreement with the lack of infectious particles, these DNA forms were not demonstrable in mice cured by immunocompetent BMT. Instead, a remarkable uncommon pattern of low-molecular-weight viral DNA was consistently found in the BM of all the cured animals. As shown in Fig. 4 , two low-abundance distinct DNA species were resolved in agarose gels after a long exposure of the blots: one migrated between the mRF and dRF with a size close to 8 kbp, and the other migrated as a molecule much larger than 20 kbp moving in the upper poorly resolved region of the gels. Both DNA species behaved as identical doublestranded DNAs (dsDNAs) in all the examined transplanted animals as judged by their cleavage with restriction endonucleases. The restriction analysis of the samples allowed the resolution of the EcoRI 2.3-kbp internal fragment of the MVM genome at submolar amounts (Fig. 4 , "R" lanes) but of neither of the two predicted fragments generated by the single cutter enzyme XhoI (Fig. 4, bottom) , which could be demonstrated only in the digested BM samples obtained from nontransplanted mice and mice transplanted with SCID marrow. As for some helper-dependent members of the Parvovirinae that can integrate their genomes into a unique locus on human chromosome 19q13-qter (34, 72) , MVM integration was demonstrated to occur at a similar frequency in an episomal model system (15) , though never during productive or persistent infections of cell lines (52) . The fact that the two MVM dsDNA molecules present in the rescued mice were recovered in the low-molecular-weight DNA fraction and their consistent size in agarose gels are incompatible with these species being viral DNA integrated in the host genome. Rather they may correspond to uncommon DNA replicative intermediates with heterogeneous ends. Indeed, the 8-kbp species may be related to a previously described partially replicated MVM dimer (21) , and the large species may be related to a concatemer resolved in two-dimensional agarose gels (65) . Further research is required to determine the exact nature of these dsDNA mole- cules and the BM cell types in which they persist in healthy mice long after infectious virus clearance. It would be highly interesting to study whether this DNA pattern represents a common latent genomic form for parvoviruses that, like the human B19 parvovirus, may persist in the BM (13) , from which these viruses could reenter a productive cycle whenever the immune surveillance of the host was compromised.
MVMi suppresses long-term repopulating HSCs in naturally infected SCID mice. To investigate the degree of damage to the HSCs during the period of MVMi-induced leukopenia, healthy donor BM was transplanted into infected and noninfected SCID mice to evaluate the CRA of the stem cell compartment. For this purpose, the origin (exogenous or endogenous) of the BM cells of oronasally inoculated female SCID mice cured at 40 dpi by a BMT from a male immunocompetent graft was evaluated by measuring the level of engraftment of the donor cells at different posttransplantation times. Upon virus control by the immunocompetent cell boost, the hematopoiesis of these animals results from the functional competition between the endogenous primitive precursors that survived the infection and the transplanted repopulating cells. For a given number of transplanted cells, the rate of exogenous engraftment would therefore depend on the survival of endogenous HSCs. The recognized competitive repopulating advantage of donor BALB/c lymphoid cells over the host SCID cells (4) set the myeloid population as the only reliable indicator of donor stem cell engraftment, while the lymphoid cells were used as a general control of exogenous engraftment in the recipient mice. Thereby, hybridization analyses with a malespecific probe for the Y chromosome on purified myeloid (Gr-1 ϩ /Mac-1 ϩ ) and nonmyeloid (Gr-1 Ϫ Mac-1 Ϫ ) populations at 4 months posttransplantation indicated a very low engraftment of the exogenous BM in mobilized myeloid PB cells from mock-infected SCID mice, in contrast to the high myeloid reconstitution with donor repopulating cells in MVMi-infected mice (Fig. 5A) . A densitometric measurement of the dot blots (Fig. 5B) showed a significant increase in the short-term engraftment of exogenous myeloid cells from an average close to 20% to as high as 70% by the MVMi infection of the SCID recipients.
In the long-term repopulation studies, the extent of donor engraftment was genetically analyzed in a similar manner with BM samples harvested at 7 months posttransplantation. Interestingly, at this time of analysis the effect exerted on the exogenous engraftment by MVMi infection was even more pronounced. As illustrated in Fig. 5C , while most Gr-1 Ϫ /Mac-1 Ϫ cells were of donor origin, the extent of donor cells in the Gr-1 ϩ /Mac-1 ϩ BM population increased from an average of close to 10% in the mock-infected mice to 60% in the MVMiinfected mice. Thus, the long-term myeloid reconstitution of MVMi-infected, but not that of mock-infected, SCID recipients is predominantly accomplished by exogenous repopulating cells. Taking into account that the 5 ϫ 10 6 cells transplanted per mouse represent 3.5% of the BM content of the animal (54) and assuming a 10% seeding efficiency of the exogenous repopulating cells (36, 57) , the ratio of the exogenous to the endogenous repopulating cells would be about 1:280. These data indicated that the intranasal inoculation of MVMi mediates a marked depletion of hematopoietic longterm repopulating cells (Ͻ0.3% survival), allowing the stable engraftment of an exogenous BM.
Concluding remarks. We have demonstrated the susceptibility of the self-renewing HSCs to direct interaction with the cytotoxic parvovirus MVMi by testing in vitro their main biological characteristic not measurable in culture, namely, the multipotent repopulating capacity of the hematopoietic sys- tem. This remarkable tropism of an autonomous parvovirus may allow the development of lasting hematopoietic gene therapies based on transduction of HSCs in vitro as a strategy for transient expression in vivo long-term posttransplantation.
The much higher proportion of HSCs suppressed by MVMi in the BM of infected mice (Fig. 5 ) than in the direct in vitro interaction ( Table 1 ) strongly suggests that the persistent severe leukopenia in the SCID mice triggers proliferative activity of an increasing number of cells from the pool of primitive quiescent HSCs, which become consequently susceptible to the viral cytotoxic infection. These hematological syndromes, though developed under a severe genetic immunodeficiency, may help to uncover delayed induced hematopoietic diseases in other viral systems with HSC targeting capacity.
A remarkable capacity of MVMi to persist in the BM is illustrated by two phenomena: (i) persistence of cytotoxic MVMi viral components for months in HSCs infected in vitro and transplanted into immunocompetent mice and (ii) prevalence of two uncommon viral dsDNA species for months in mice cured by BMT of a lethal MVMi infection. An understanding of the relevance of these patterns of persistence for the biology of parvovirus-host interactions deserves further study, but it is likely that the HSCs themselves may function as a reservoir of viruses in the immunocompetent hosts.
Finally, the sustained viral suppression of HSCs in vivo allowed mean long-term engraftments as high as those obtained in the group of 2.5-Gy X-irradiated control mice (Fig. 5C) . Therefore, the intranasal inoculation of MVMi can mimic the effects produced by total body radiation conditioning in BMT. These results suggest that cytotoxic viruses with natural or engineered tropism to HSCs could potentially be implemented as biological agents for radiomimetic conditioning of recipients of BM transplants.
